Lithium aluminium titanium phosphate (LATP) belongs to one of the most promising solid electrolytes.
Introduction
The interest in powerful electrochemical energy storage systems has tremendously increased over the last couple of years. In particular, the development of all-solid-state batteries taking advantage of solid electrolytes with high ion conductivity [1] [2] [3] [4] [5] [6] [7] [8] [9] represents one of the growing elds in energy science. Such systems would allow higher operation temperatures as well as the use of Li metal anodes directly increasing the energy density. Moreover, in contrast to systems using ammable liquid electrolytes, solid-state batteries should benet from increased cycling stability and lifetime due to less ageing processes; as a consequence thereof, a signicant increase in safety is expected.
A suitable solid electrolyte should guarantee electrochemical stability coupled with fast ion dynamics and negligible electronic conductivity. In recent years, garnet-type oxides [10] [11] [12] [13] and argyrodite-type suldes [14] [15] [16] entered the limelight; in addition, there is renewed interest in lithium aluminium titanium phosphates 17 Li 1+x Al x Ti 2Àx (PO 4 ) 3 (0 < x < 0.5; LATP) crystallising with NASICON-type (Na superionic conductor) structure [18] [19] [20] [21] [22] [23] that is based on Na 1+x Zr 2 Si x P 3Àx O 12 , 0 < x < 3. LATP crystallises with rhombohedral structure (space group R 3c, see Fig. 1 ) and offers various Li sites, such as M1, M2 and M3. The site occupancy is controlled by the amount of substituted Al 3+ cations which replace the Ti 4+ ions. 17, 21, 24 The extra Li ions, which are needed for charge compensation, are anticipated to occupy the M3 sites.
Although a quite large number of studies 1, 10 have been published that present new synthesis routes for oxides and deal with the characterisation of the overall ion transport properties by means of impedance spectroscopy, investigations focusing on the separation of the bulk and grain boundary electrical responses are less frequent. 25 To design, however, electrolytes with high ionic conductivity we need to know the key processes that govern both (i) bulk ion dynamics and (ii) ion transport across the grain boundaries or near the interfacial regions. Here, we took advantage of low-temperature impedance and conductivity spectroscopy to elucidate long-range ion dynamics inside the crystal lattice of LATP. 25 For this purpose a sol-gel prepared sample with the composition Li 1.5 Al 0.5 Ti 1.5 (PO 4 ) 3 was used to perform impedance measurements from the mHz to the MHz range. In general, compared to solid-state preparation techniques the use of solution-based synthesis methods, as it is performed here, offers the possibility to better control composition, homogeneity and morphology of the nal product.
Remarkably, it turned out that at a temperature of 173 K the ionic bulk conductivity of the sol-gel prepared phosphate Li 1.5 28 The corresponding activation energy E a turns out to be approximately 0.26 eV. This value in between that of, e.g., Al-stabilised garnet-based electrolytes (0.34 eV) 11 and argyrodite-type suldes (0.20 eV). 16 Together with the fast ion conductor Li 10 GeP 2 S 12 , which has been introduced by Kamaya et al., 4 the latter belong to the best ion conductors presented over the last years.
Experimental
The Li 1.5 Al 0.5 Ti 1.5 (PO 4 ) 3 sample was synthesized via a new solgel process. Stoichiometric amounts of LiNO 3 (99%, Alfa Aesar), Al(NO 3 ) 3 $9H 2 O (99%, Alfa Aesar), titanium(IV) isopropoxide (97%, Aldrich) and NH 4 H 2 PO 4 (99%, Merck) were used. At rst, titanium(IV) isopropoxide (97%, Aldrich) was added into deionized water immediately forming a precipitate of titanium hydroxide. The fresh precipitate was ltered, washed and dissolved in nitric acid (65%, Aldrich Aer about 1 h, a stiff gel was spontaneously obtained. The gel was dried, calcined and milled in ethanol with zirconia balls on a milling bench. The ball-milled powder was put into a cylindrical pressing mold (10 mm in diameter, 4 mm in thickness) and pressed at a uniaxial pressure of 100 MPa. The pressed pellets were then sintered at 1123 K. Pure white samples with rhombohedral phase (Fig. 1) were obtained aer sintering. The density of the pellets was over 95% of the theoretical density. Immediately before the conductivity and impedance measurements, the pellet annealed at 1123 K was once again dried at 873 K for 16 hours to remove any moisture on its surface. Au electrodes of ca. 100 nm in thickness were applied using a sputter coater (Leica). The impedance measurements were carried out on a Novocontrol Concept 80 broadband dielectric spectrometer at frequencies ranging from 0.1 Hz to 10 MHz. The temperature was varied from 123 K to 423 K using either a stream of heated nitrogen gas or a constant ow of cold nitrogen in the cryostat. Any contamination with water or carbon dioxide was avoided as best as possible.
In order to use the same pellet for further impedance investigations, the Au layer was sanded down and the surface polished aerwards. Then, the specimen was annealed at 1223 K for 16 hours again; the density remained almost the same. Subsequently, impedances measurements were carried out under the same conditions in order to test the impact of sintering conditions on conductivity properties.
For comparison, also a powder sample of Li 1.5 Al 0.5 Ti 1.5 -(PO 4 ) 3 was investigated by impedance spectroscopy. A cylindrical pellet with a diameter of 5 mm and a thickness of ca. 1.2 mm was produced by pressing the pristine powder at a uniaxial pressure of approximately 0.5 GPa; the powder sample is a green body pellet with a density of reaching almost 90%. Aer the drying process (873 K for 16 hours, see above), Li ion blocking electrodes with a thickness of ca. 100 nm were again applied at each side by Au sputtering. For comparison, the powder was also used to prepare a pellet that was sintered at 1223 K for 16 h.
The pellet as well as the samples prepared from the LATP powder were investigated by scanning electron microscopy (SEM) using a VEGA3 (Tescan) before and aer the sintering steps (see Fig. 2 ). X-ray powder diffraction (D8 Advance, Bruker) using Cu-K a radiation was employed to check the phase purity of the samples prepared.
Results and discussion
The phase purity of the samples investigated was examined by X-ray powder diffraction (XRD) carried out before and aer the conductivity measurements. Apart from an 'order-disorder' transition, LATP shows no phase transformation down to 100 K. 29 The samples investigated in the present study reveal the diffraction pattern expected for Li 1.5 Al 0.5 Ti 1.5 (PO 4 ) 3 . In Fig. 1 (right) the pattern of Li 1.58 Al 0.58 Ti 1.42 (PO 4 ) 3 (ICSD 427662) crystallising with the NASICON structure serves as a reference to check the purity of the samples with respect to additional crystalline phases. Since no other than the reections of LATP were observed, such impurity phases are absent within the detection limit of X-ray diffraction. Because a at background signal is seen with no humps that indicates amorphous material, we deal with highly crystalline samples. The narrow reections of the XRD powder pattern indicate crystallites with diameters in the mm range. This observation is corroborated by our SEM investigations (see Fig. 2 ) revealing large crystallites in the case of the sintered pellet, in particular. In Fig. 3(a) and (b) a typical complex plane plot, i. e., the imaginary part ÀZ 00 of the impedance is shown vs. its real part, Z 0 , is displayed for the Li 1.5 Al 0.5 Ti 1.5 (PO 4 ) 3 pellet, which was sintered at 1123 K. By using a relatively thick sample, 4 mm in the present case, the Nyquist plot is denitely composed of two semi-circles that can be satisfactorily separated on the frequency scale if the data are recorded at temperatures as low as 173 K. In Fig. 3(b) the high-frequency region of the plot is enlarged. The solid line in (a) and (b) represents a t (ZView soware) using an equivalent circuit that consists of a resistor R and a constant phase element CPE connected in parallel for each circle: (R 1 CPE 1 )(R 2 CPE 2 ). The resulting capacities are C 1 ¼ 8.2 pF and C 2 ¼ 354 pF for the arc at high and low frequencies, respectively (see Fig. 3 ). They are in agreement with those that can be directly derived via the maximum condition u el ¼ 1/(RC), see Fig. 2(b) , where the relaxation frequency is given by u el ¼ 2pn. A value of 8.2 pF clearly points to bulk ion dynamics, whereas a value larger than 300 pF can be attributed to the grain boundary (g.b.) response.
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The spike seen at the lowest frequencies represents electrode polarisation that needs not to be taken into account in the analysis of the impedance curve. At temperatures higher than ambient, only the g.b. arc and the near-vertical line associated to electrode polarisation is visible.
Interestingly, the two resistances R 1 and R 2 differ by more than one order of magnitude. Thus, Li motion across the grain boundaries in our LATP sample is signicantly reduced as compared to intragranular ion hopping. At 173 K the bulk resistance R 1 is in the order of 200 kU while R 2 is in the MU range. Such differences between ion transport in the grain interior and overall conductivity were also reported by Arbi et al.
earlier.
31 This suggests that manipulation of the microstructure could be used to improve the total conductivity, e.g., by increasing the grain size and minimizing the number of grain boundaries. As has been shown for highly conducting sulphides, see, e.g., the study of Hayashi on Na 3 PS 4 , 32 in the case of a glass ceramic pellet, the g.b. regions are largely reduced and seem to have a much less blocking effect on overall ion transport. Quite recently, Ma et al. used transmission electron microscopy to visualize the structural and chemical characteristics of ion blocking g.b. in (Li 3x La 2/3Àx )TiO 3 .
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The features of (i) electrode polarisation, (ii) electrical bulk response and (iii) g.b. response also appear in the corresponding conductivity spectra, which we used to analyse the data as a function of temperature. In Fig. 4 collections of conductivity spectra, that is, the real part, s 0 , of the complex conductivity plotted vs. frequency n, is shown for the pellet sintered at 1123 K (a) and 1223 K (b). Whereas at elevated temperatures both the g.b. response and electrode polarisation govern the spectra, at lower T the bulk response comes to light. Considerable polarisation effects are seen because of sufficiently fast Li ion transport causing a piling up of ions in front of the surface of the ion blocking electrode applied. While the low-frequency g.b. response yields distinct and almost at DC plateaus, characterised by s P1 (see Fig. 4(a) ), those of the bulk response, s P2 , are more difficult to analyse. Fortunately, at sufficiently low temperatures, see, e.g., the isotherms at 153 K and 173 K, it is possible to read off reliable conductivities representing long-range Li ion transport through the crystal lattice of LATP. This analysis was also performed for the pellet that was sintered at 1273 K, see Fig. 4(b) , although the determination of the inection point of the isotherms turns out to be even more difficult. It is worth noting that the inverse of the values of s P1 and s P2 agree well with those deduced from the Nyquist plots, viz. R 1 and R 2 . The characteristics of both bulk and g.b. responses are also visible when the imaginary part ÀZ 00 of the complex impedance is plotted vs. frequency, see Fig. 5 . While the maximum at low frequencies is assigned to ion dynamics governed by grain boundaries, the local maximum at higher frequencies represents lattice ion dynamics. Since the electric modulus M 00 is inversely proportional to the capacitance C, in a log 10 (M 00 (n)) plot bulk contributions are pronounced while the responses ) and bulk ion conductivities: s P1 and s P2 . EP denotes electrode polarisation because of the ion blocking electrodes used to record the data.
due to grain boundaries decrease in intensity. 30 The ratio of C 2 / C 1 ¼ 43 (see above) agrees well with 1/(M 00 max,1 /M 00 max,2 ). As expected, increasing the temperature from 153 K to 173 K shis the maxima in M 00 and ÀZ 00 towards higher frequencies.
To analyse the underlying temperature dependence of the electrical relaxation processes we evaluated the conductivity isotherms shown in Fig. 4 . Plotting the DC conductivities inferred from the isotherms as a function of the inverse temperature in an Arrhenius diagram, the activation energy of the bulk response can be obtained (see Fig. 6 ). Starting with 0.29 eV for the pellet sintered at 1123 K, E a slightly decreases to 0.26 eV aer the same sample was sintered again at 1223 K. Simultaneously, the value for the g.b. response increases from 0.33 eV to 0.37 eV.
If we extrapolate the bulk data towards higher temperatures, the bulk ion conductivity would be in the order of 3.4 mS cm À1 at room temperature (see Fig. 6 ). This value, exceeding that reported by Fu for a glass ceramic (1.3 mS cm À1 ), 26 is in good agreement with the results reported by several groups studying LATP-based solid electrolytes (see Table 1 ). In particular, it agrees well with the data measured by Arbi et al. quite recently. 31, 34 This makes crystalline LATP indeed an extremely fast ion conductor with superior conductivity properties. Its exact bulk ion conductivity, however, depends on the sintering conditions chosen and can be somewhat tuned by postannealing. The origins of this conductivity increase are, however, still unknown. Since the activation energy does not depend much on the sintering conditions, one might suppose a small change in the number of charge carriers that are allowed to move over long distances. Further work is needed to clarify the microstructural changes and alterations of the defect chemistry taking place during the high-T sintering steps. Of course, Li loss might change local Li + environments as well as Li and Al site occupancies in LATP. Interestingly, if the pellet sample is exposed to ambient air for several days, a decrease of the bulk ion conductivity is observed by about two orders of magnitude, see the dasheddotted line in Fig. 6 . The feature is completely reversible: drying the sample at 873 K for 16 h resets the initially found high conductivity values. We attribute this effect to the inuence of moisture on ion dynamics; further studies are in progress to elucidate the change in conductivity. Irrespective of the conductivity drop observed here, recent studies have been published that demonstrate the usability of water-stable LATP as electrolyte in aqueous battery systems such as Li-air batteries. 35 Moreover, LATP turned out to be relatively resistant to static corrosion in a hot, aqueous LiOH solution. 36 Comparing our activation energies with those recently presented in literature, there is good agreement with recent studies. 34, 37 Values slightly below 0.3 eV seem to accurately describe bulk long-range ion transport. Considering the work by Bucharsky et al., 38 the authors found the same inuence of sintering on ionic conductivity. Their activation energies are, however, higher than our values and range from 0.42 eV to 0.37 eV depending on the sintering temperature (850 C to 1100 C).
Worth noting, we have re-calculated the activation energies using the data of Bucharsky et al. 38 because there is an error in their publication, which leads to much smaller values for E a : the authors calculated activation energies from a log 10 plot but forgot to take into account the conversion factor of log(e) z 2.3 originating from the log 10 to ln ¼ log e (logarithmus naturalis) transformation. Hence, the activation energies announced by Bucharsky et al. 38 are by a factor of 0.43 too small. Although their absolute ion conductivities are quite high, viz. in the mS cm À1 range at ambient temperature, the activation energies resemble those we found for the grain boundary response. For comparison, hopping barriers of ca. E a ¼ 0.16 eV were reported by Kosova et al. 48 Worth noting, such small activation energies were extracted from preliminary NMR relaxometry instead of conductivity spectroscopy. In contrast to conductivity measurements, NMR spin-lattice relaxation (SLR), when response. The maximum associated with lattice ion dynamics is more pronounced in the modulus representation, see right axis. Besides the data recorded at 153 K, the two spectra acquired at 173 K are also shown. Bottom: Variation of the real part of the complex impedance with frequency. As in the case of s 0 (n) the bulk regions appear at higher frequencies. 
.4 mS cm
À1 is obtained after extrapolation. Right: Schematic illustration of a heterogeneous potential landscape. Depending on the length scale, the method chosen to study ion dynamics is either sensitive to long-range ion dynamics or to local ionic jump processes. While atomic-scale methods, such as Li NMR, are also sensitive to individual ion hopping with low energy barriers, dc conductivity measurements probe an average value that characterises long-range, i.e., through-going, ion dynamics. performed in the laboratory frame of reference, in particular, is sensitive to both long-range and local Li jump processes depending on the conditions used to collect the data. While values in the order of 0.3 eV refer to through-going (that is, longrange) ion transport in the bulk, activation energies from SLR NMR, on the other hand, have to be carefully analysed. In many cases they reect the elementary steps of ion jumping, i.e., diffusion processes on a shorter length scale than usually accessible by conductivity spectroscopy or AC impedance measurements, respectively. Our own NMR relaxometry measurements, which were carried out in both the rotating and laboratory frame of reference point to very similar activation energies ranging from 0.16 to 0.18 eV only. 49 Most importantly, the barriers seen via NMR have to be attributed to two different diffusion processes the ions are subject to almost simultaneously. At higher temperatures NMR was able to sense a third diffusion process with a higher energy barrier. Thus, NMR activation energies as low as 0.16 eV indeed characterise individual hopping processes rather than the averaged, long-range ion transport seen via Li ion conductivity measurements. Quite recently, Lang et al. 50 studied Li ion hopping using rst-principle methods based on density functional theory. The authors report an interstitial diffusion mechanism that is characterised by an activation energy of 0.19 eV. 50 
Conclusions
Li 1+x Al x Ti 2Àx (PO 4 ) 3 belongs to the group of solid electrolytes which are expected to largely inuence the development of allsolid-state batteries. A sufficiently high ion conductivity, being in the same order of magnitude as that of a liquid electrolyte, is one of the basic requirements needed. So far, the separate study of bulk and grain boundary conductivity has only rarely been documented. Here, we took advantage of low temperature conductivity measurements and impedance spectroscopy to study bulk ion dynamics at temperatures lower than 215 K. In this temperature range Li ion transport through the lattice is governed by an average activation E a,s of only 0.26 eV when a pellet sample is considered that was annealed at 950 C. The grain boundary response is determined by notably larger activation energies ranging from 0.33 eV to 0.37 eV; the exact value depends on the sintering temperature applied. We could further show that even bulk ionic conductivity seems to depend on the sintering conditions. Exposing the samples to ambient air for a long period of time slows down ion transport. The effect is reversible: aer annealing the same pellet at elevated temperature, the original high ion conductivity is observed again. We attribute this nding to the inu-ence of moisture on Li ion dynamics.
When compared with results from NMR spectroscopy and DFT calculations presented in the literature so far, we have to keep in mind that DC conductivity measurements probe longrange ion transport while NMR is sensitive to the local barriers between next neighbouring Li ions. Moreover, whereas E a,s represents an average over the whole potential landscape, Li NMR is able to characterise individual diffusion processes whose superposition results in overall ion transport measured by conductivity spectroscopy in the so-called low-frequency range, i.e., the DC limit.
